Sub-micron thick flakes were obtained by sonication of vermiculite that was first exfoliated by either thermal shock or chemical treatment with hydrogen peroxide. Dimer fatty acid polyamide nanocomposites with a mixed morphology were prepared via a solution-dispersion technique. The large (in the micrometre range) vermiculite flakes assumed random orientations in the matrix. BET surface area measurements indicated flake thickness below 100 nm but SEM showed that thicker flakes were also present. Filler content was varied up to 30 wt.%. At this loading, the tensile strength doubled, the modulus increased five-fold but the elongation-at-break decreased by a factor of ten.
Introduction
Polymer nanocomposites are high performance materials promising to meet new application requirements and to replace existing materials [1] [2] [3] . Adding clay-based nanoparticles can significantly improve properties such as heat resistance, stiffness, strength, toughness, impact resistance, barrier properties, rheological properties, flame retardancy, etc. [4] [5] [6] [7] [8] [9] . In this regard high particle aspect ratios are desirable and are achieved by extensive delamination and even exfoliation of clay flakes. Exfoliated structures are favoured by strong interfacial adhesion and appropriate mixing processes that also effect homogeneous dispersion of clay layers within the polymer matrix [10] .
Conventional polymer nanocomposites are prepared using surfactant modified clays. It is well-known that the nature of the surfactant plays an important role as it determines the degree of clay exfoliation that can be achieved. However, these surfactant molecules need to be chosen very carefully such that interaction with the polymer chains in the matrix is favoured above surfactant-clay and surfactant-surfactant interactions [8, 9] . Unfortunately the use of cationic surfactants introduces problems including limitations with respect to thermal stability. Hence surfactant-free organo-modifications are of interest [11] . In polyamides it is possible for the polymer chains themselves to provide the required organo-modification when amine functional groups are present, e.g. at the chain ends. Dimer fatty acid-based polyamides are of this type and they are soluble in lower carboxylic acids, e.g. formic acid or acetic acid [12] . When these polyamides are dissolved in acidic solvents, the amine functional groups at the ends of some chains become protonated. Thus, it is possible for these cationic polymer end groups to displace the exchangeable cations present in clays to facilitate exfoliation of the clay sheets [11] . The technique also allows organo-modification of the external surfaces of nano-sized clay sheets suspended in an acidic solution. This may facilitate clay dispersion and to prevent restacking when they are ultimately compounded into the polymer matrix. That was one of the objectives of the present communication. However, instead of a smectite clay, submicron vermiculite nano-flakes were used. These were prepared by either first exfoliating the vermiculite via thermal shock or by suspending it in a H 2 O 2 solution followed by ultrasound dispersion in the liquid phase.
The "vermiculite" of commerce features the desirable property that it expands by more than eight times in volume when heated rapidly to elevated temperatures [13] [14] [15] [16] [17] or by treating it with H 2 O 2 [18, 19] . Heating a vermiculite flake results in the rapid transformation of the interlayer water into steam. This generates high pressure that causes the flakes to separate and to expand in a worm-like manner. This expansion can reach 30 times the original flake thickness while the original basal dimensions of the particles remain unchanged [16, 18, 20] . Vermiculite can also be exfoliated by treatment with H 2 O 2 [18, 19] . Exfoliation into submicronic and even nanoflakes can be accomplished by subsequent sonication using high power ultrasound [18, [21] [22] [23] [24] [25] .
Dimer fatty acid polyamides find application as thermoplastic hot melt adhesives and as injection mouldable polymeric encapsulants for electronics packaging [12, 26] . These applications may benefit from improvements in the matrix strength and stiffness. The present communication compares the effect of submicron vermiculite flakes, prepared by either thermal or H 2 O 2 exfoliation followed by sonication, on the mechanical properties of such polyamide/bio-nanocomposites. A primary objective of the present study was to gain an understanding of the stiffening mechanisms operating in amorphous polyamide-vermiculite nanocomposites.
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Experimental
Materials
Acetic acid 100% (glacial), ammonium chloride and de-ionized water were obtained from Merck Chemicals and used as received. The amorphous copolyamide, Euremelt 2138 (E2138), was supplied by Huntsman Advanced Materials. According to the supplier, this grade polyamide has a softening point in the range of 138 to 148 °C and an amine value of ca. 4 mg KOH g 1 polymer. Vermiculite grade Superfine (1 mm) was obtained from
Mandoval Vermiculite.
Sample preparations
The raw vermiculite was first washed with de-ionized water to remove soluble compounds and organic impurities by flotation. The washed material (N-VMT) was dried at 60 °C for 48
h. The ammonium exchanged vermiculite (A-VMT) was prepared as previously described [11] . A typical procedure was as follows: Vermiculite (100 g) was suspended in 500 mL of a polymer bio-nanocomposite. The precipitate was separated from the solution by decantation.
The precipitate was immersed in a large amount of de-ionized water and kept there for a total of six days in order to remove the acetic acid. The de-ionized water was replaced with fresh water on a daily basis. Following these steps, the composites were allowed to dry at ambient conditions. Finally, they were dried in a convection oven at 60 °C for 48 h. Neat polyamide polymer was also subjected to the same procedure to prepare the samples used for property comparisons. Finally, thin polymer test sheets were made by hot pressing at temperatures between 150 and 180 °C for 15 min.
Characterization
Elemental composition was determined using X-ray fluorescence (XRF) spectroscopy. Major elemental analysis was executed on fused beads using an ARL9400XP+X-ray fluorescence (XRF) spectrometer. The samples were milled in a tungsten-carbide milling pot to achieve particle sizes <75 μm and dried at 100°C and roasted at 1000°C to determine the loss on ignition (LOI) values. Then 1g sample was mixed with 6 g of lithium tetraborate flux and fused at 1050°C to make a stable fused glass bead. The Thermo Fisher ARL Perform'X Sequential XRF with OXSAS software was used for analyses.
X-ray diffraction was conducted on a PANalytical X"Pert Pro powder diffractometer with an X"Celerator detector and variable divergence and receiving slits with Fe-filtered Co-Kα radiation (λ =0.17901 nm) in the 2θ range of 2° to 60° at a scan rate of 1.0° min 1 .
Thermogravimetric analysis (TGA) was performed on a Perkin Elmer Pyris 4000TGA instrument using the dynamic method. About 15 mg of the sample (vermiculite or polymer)
was placed in open 150 μL alumina pans. Temperature was scanned from 25 to 950 °C at a rate of 10 °C min 1 with air flowing at a rate of 50 mL min 1 .
Particle size distribution, in the range 0.01 μm to 10 mm, was determined using the low angle laser light scattering (LALLS) method on a Malvern Mastersizer 3000 instrument. The refractive indices used were 1.520 (for vermiculite) and 1.330 (for water). Specific surface area was determined using nitrogen and the BET method at liquid nitrogen temperatures with a MicrometricsTristar II BET instrument. Prior to measurements, samples were degassed under vacuum (10 3 mbar) at 100 °C for 24 h.
A Zeiss Ultra 55 FESEM Field emission scanning electron microscope (FESEM) was used to study the morphology of the vermiculite samples and the fracture surface morphology of the composites at 1 kV. The composite samples were frozen in liquid nitrogen, cryofractured and vacuum dried. The vermiculite samples and fractured surface of the composite samples were coated with carbon prior to analysis. A transmission electron microscope (TEM) (JEM-1200EX, JEOL, Tokyo, Japan) (acceleration voltage100 kV) was used to study the morphological structure of bio-nanocomposites. The samples were cry-sectioned using a diamond knife.
Melt viscosities were determined at 160 °C in the steady shear, rotational mode. An
Anton PaarPhysica MCR301 rheometer fitted with a CTD 600a convection hood and fitted with a 50 mm cone-and-plate measuring system was used. The shear rate was varied from 0.1 to 10 s 1 .
Dynamic mechanical properties were recorded on a PerkinElmer DMA 8000 instrument.
Dynamic tests were performed in the single cantilever bending mode using a displacement of amplitude of 0.05 mm at frequencies 1, 10 and 100 Hz. The sample dimensions were as follows: length = 11.30 mm, width = 4.40 mm and thickness = 2.60 mm. Temperature was scanned from −30 °C to 80 °C at a scan rate of 1 °C min 1 .
Tensile test specimens were punched out of the pressed sheets. They were conditioned at 25 °C and 50% RH for at least 48 h before testing. Tensile tests were performed according to to a significant decrease of the particle sizes as observed by others [18, 25] . The majority of the particles were irregular, but on the whole, they were convex shaped two-dimensional flakes. Particle size. The particle size distributions reported in Table 1 and Figure 2 confirm that ammonium exchange did not materially affect the particle size distribution. However, sonication caused a significant reduction in size. All particle size distributions showed a 10 bimodal dispersion with a large peak at larger size values and a much smaller peak located at lower particle sizes. Since the material consists essentially of high aspect ratio flakes, the lower humps are indicative of the variations in the flake thicknesses. In both cases the peak position is located in the sub-micron range. respectively. This suggests that the flakes may include nano-scale particles as at least one dimension was less than 100 nm. Furthermore, crude estimates of the flake aspect ratios are obtained by considering the ratio d 50 /t. These values are also plotted in Table 1 . However, these analyses did not take into account that the flakes might include lateral splits, i.e.
extensive planar cracks. This means that the actual flakes could be thicker and feature lower aspect ratio values than indicated in Table 1 . Table 2 . The values for the neat material are consistent with those previously found [14, 15] . Previous analyses established that Palabora "vermiculite" is not pure vermiculite but rather a randomly-interstratified mixed-layer vermiculite-biotite containing less than 50% vermiculite [14, 18, [27] [28] [29] . The structural formula for this mineral consistent with composition data is given in Scheme I [14] [14] .
The differences observed in the XRF analyses evident in Table 2 reflect natural variations rather than composition changes caused by the processing of the samples. Figure 3 shows the X-ray diffraction (XRD) patterns of various vermiculite samples. The neat vermiculite features multiple reflections, suggesting a mixture of different minerals as reported in the literature [14, 30] . It features a strong broad peak at 2 = 8.66 (1.19 nm) and weaker reflections at 2 = 7.20 (1.43 nm) and 2 = 10.24
X-ray diffraction (XRD).
(1.00 nm). The 1.43 nm reflection is consistent with a vermiculite phase with two water layers in the galleries forming hydration shells around the exchangeable cations [31] . The Figure 5 ). This suggests good wetting and a strong interaction between the outer surface of vermiculite layers and the polyamide matrix. This is supported by the cohesive rather than adhesive failure of the matrix seen in Figure 5 : Note the ropey polymer structures connecting two flakes. However, the flakes in Figure 5 also feature partial delamination, i.e. lateral internal cracks that appear to be devoid of polymer. It is considered likely that these cavities were not present initially but that they were created during the cryofracturing of the sections containing the rigid vermiculite sheets. The micrographs evidence for the composites is consistent with a filler morphology comprising a combination of nano-platelets and micro-flakes. A similar morphology was previously observed for vermiculite reinforced polyurethane [34] . These were used to confirm filler content of the composites. The first mass loss event commences at higher temperatures in the composites. This reflects the effect of the flake-shaped filler particles that inhibit the mass transfer to the atmosphere of the volatile degradation fragments. However, a radical trapping effect may also play a role [35] .
Mechanical properties. Figure 8 shows that the tensile strength increased with filler loading while the elongation at break decreased precipitously. At a loading of 30 wt.% vermiculite, the tensile strength was about double of that of the neat polyamide. However, the elongation-at-break was only one tenth of the original value. Modelling the Young's modulus. The Halpin-Tsai equation [36] is widely used to predict the modulus of composites [37, 38] :
where E is the composite tensile modulus, E p is the tensile modulus of the matrix, V f is the volume fraction filler and ξ is a shape factor that depends on the geometry of the filler particles and their relative orientation with respect to the load direction. The parameter η is given by
where E f is the tensile modulus of the filler. Van Es [39] proposed corrected shape factors for platelet reinforcements for the longitudinal ( , respectively. Van Es [39] also approximated the composite modulus of a matrix containing randomly oriented platelets using an averaging scheme as follows:
where c E is the composite modulus and 
Viscosity. The melt viscosity of filled polymer compounds is important as it relates to
the processability by conventional plastic conversion technologies such as extrusion and injection moulding. The melt viscosity is sensitive to the structure, particle size and shape as well as the interface characteristics of the dispersed phase [41] . In some suitable instances, rheology can even be used to quantify the shear thinning effect for polymer-clay 20 nanocomposites and thereby to compare the extent of delamination of platelet stacks [42] .
According to Figure 9 , the neat polyamide and its vermiculite composites all showed weak shear thinning behaviour. The addition of vermiculite significantly increased the melt viscosity. For the H 2 O 2 -exfoliated vermiculite, at a loading of 30 wt.%, the viscosity was more than an order of magnitude higher than that of the neat polyamide. The latter expresses itself by a change in the effective thermal state of the polymer chains that is adequately captured by the apparent shift in the glass transition temperature (Tg). It is tentatively proposed that virtual crosslinking forms the basis of this tertiary effect.
The electron microscopy results have confirmed strong interactions between the polyamide matrix and the vermiculite flake surfaces. That was expected given that, by design, some polymer chain ends are attached to the mineral surface via strong electrostatic forces. Dynamic mechanical analysis showed that the glass transition temperature (Tg) of the polymer increased by up to 10 C when the filler was added. This indicates that the high contact surface area presented by the dispersed nano-platelets dispersed in the matrix inhibited segmental polymer chain mobility. This implies an effective stiffening of the polymer matrix at temperatures above Tg. It also explains, in part, the higher apparent reinforcing effect observed at temperatures above Tg. Analysis of the variation in composite modulus with temperature and composition indicate that, below the glass transition temperature, the composite stiffness is adequately explained by invoking the reinforcing effect of the inorganic filler together with the apparent shift in Tg. It is postulated that dynamic network formation through polymer-filler hydrogen bonding interactions provides a tertiary stiffening mechanism that operates at temperature above Tg. In conclusion, the key finding of this work is that organo-modification of clays with surfactants is not essential for the preparation of polyamide-clay nanocomposites with excellent mechanical properties.
